CURRENT KNOWLEDGE of the effects of anaesthesia on hepatocyte function has substantially influenced surgical practice towards more radical liver surgery. Despite a number of reports advocating the advantages and safety of halothane anaesthesia in extra-hepatic operations, 1 the alteged hepato-toxicity of halothane has caused reluctance to use this agent in major liver operations. The intention of this study was to investigate whether halothane administered repeatedly and over prolonged periods of time to extensively hepatectomized rats, would influence the process of hepatic regeneration or hepatocyte function. In addition, the effects of halothane on the regenerating liver were compared to the effects of diethyl ether in a controlled trial in inbred rats.
MATERIAL AND METHODS
Forty young adult male Fisher/344 (F) rats ( Figure I ) were subjected to 70 per cent hepatectomies under halothane or diethyl ether anaesthesia (20 animals in each group). Halothane anaesthesia was induced with 2 per cent halothane (from a Fluotec vaporizer) in oxygen, using a cone. Anaesthesia for the operation was maintained with one per cent halothane in oxygen, by placing the head of the rat within the cone which was vented to produce a non-rebreathing system. At the end of the operation the rats were placed into a chamber with an entry port through which halothane in oxygen was passed. The chamber had an exit port through which gases were scavenged and there were vents to allow for entry of air. The oxygen content in the chamber was maintained between 30 and 40 per cent by adjust- Diethyl ether anaesthesia was provided by the same method, using a Vernitrol vaporizer. Concentrations were 20 per cent for induction, and three per cent for maintenance.
Anaesthesia was maintained for the duration of the operation and for eight hours post-ope='-atively. Immediately after hepatectomy the animals were given 3 ml of fresh syngeneic plasma and 3 ml of 10 per cent glucose daily for seven days. The animals which survived 36 and 48 hours after partial hepatectomy were anaesthetized on two more occasions for eight hours and six hours, with their respective agent, for open liver biopsies and blood sampling.
Eight hours before liver biopsies, all hepatectomized animals were injected intravenously with 300 Ci/kg body weight of 5-iodo-2-deoxyuridine-12Sl (IUDR), a radioactive precursor of RNA. Normal liver cells as well as hepatoeytes fl'om partially resected livers were cultured with 3H-thymidine to assay for DNA synthesis. 2 Liver biopsy specimens were tested for radioactivity in a Picker Autowell Gamma Scintillation Counter and by autoradiography. In addition, formalin-preserved specimens were examined by light microscopy. Standard liver function tests (SGPT, SGOT, bilirubin, and alkaline phosphatase) and measurements of BUN and total serum proteins were done on freshly drawn blood.
Twenty rats matched for the strain, age and sex with the partially hepatectomized animals, received the same type of anaesthesia without hepatectomy and served as controls. Baseline data on liver function and mitotic activity of the hepatocyte were obtained from normal unmodified animals. All data were statistically analyzed with the Mann-Whitney two-tailed rank test.
RESULTS
There were no differences in the survival rates between extensively hepatectomized animals 307 FIGURE 2 Liver function tests in normal and partially hepatectomized rats.
anaesthetized with halothane or diethyl ether. The overall survival rate was 62.5 per cent upon primary exposure and 55 per cent upon secondary exposure. Anaesthesia alone caused no death with either agent.
Abnormal liver function tests were indicative of surgical trauma rather than anaesthetic injury. Alkaline phosphatase, SGPT, SGOT, bilirubin and total proteins were found to be at normal levels in animals anaesthetized repeatedly with either agent without concomitant liver injury. The same tests, but not the BUN, were significantly altered towards abnormal levels during the first 36 to 48 hours after operation, but returned to normal by the end of the first postoperative week. Only SGPT and SGOT though markedly decreased after the first post-operative week, remained at twice the normal levels for prolonged periods of time. However, no differences were observed between diethyt ether and halothane anaesthesia (Figure 2 ).
Mitotic activity in the liver remnant was not affected by either agent (Figure 3 ). The mean Mitotic Index (MI = counts/min/gm in hepatectomized rats over counts/min/gm in animals anaesthetized but not hepatectomized x 100)was changed only insignificantly in every group of animals compared to normal unmodified controls. The one exception was in those tested 36 FIGURE 3 Mitotic activity of liver cells after anaesthesia only, compared with activity after anaesthesia and partial hepatectomy.
hours after liver resection, when liver regeneration activity exceeded normal values five-fold (5 • 103--.2x 103cpm/gmvs28• 1 0 3 -7 • 10 ~ cpm/gm, P = 0.001); however, it was found equal to non-resected livers 48 hours later. Similar data were obtained by histological ( Figure 4 ) and autoradiographic criteria 36 and 48 hours after operation, The influence of diethyl ether or halothane anaesthesia was not remarkable in any specimen studied. 3H-thymidine incorporation to DNA, in vitro, paralleled the above data with the exception that radioactivity was found to be highest 12 hours earlier (24 hours after operation). The type of anaesthesia was not a factor in the process of DNA synthesis.
DISCUSSION
Regeneration of the human liver has fascinated man from the earliest times. Aeschylus de-FIGURE 4 Light microscopy of the liver showing nuclear division unaffected by halothane. 309 scribed, in most accurate terms, the amazing regenerative power of the liver. He told of Prometheus, whose liver was eaten during the day by an eagle, only to grow to its original size each night.
In the last few decades, attempts have been made to elucidate the regulatory mechanisms and the factors involved in liver growth and regeneration after partial hepatectomy. A brief review of the steps which dividing cells undergo is indicated. These steps are (1) division (M phase); (2) postmitotic rest (GI phase); (3) DNA synthesis, which doubles the nuclear content of DNA (S phase); (4) a brief resting phase (G2 phase). The cell is then ready to divide again.
The flow hypothesis, supported by Child in 1953, 3 was that the quantity of portal blood and not the quality was the only important hepatotrophic influence in the restoration of the hepatic mass. However, the more recent work ofBucher 4 proved that there is a regenerative or growth factor that stimulates the hepatectomized liver to regenerate. Carotid to jugular cross circulation between partially hepatectomized and nonoperated rats stimulated incorporation of ~aC-thymidine (a specific DNA precursor) into the hepatic DNA. This occu,'ed not only in the hepatectomized rats but also in the non-operated animals.
Generally, loss of liver cells is followed by a proliferative response. At the beginning there is a short lag phase. This is followed by a steep increase in proliferating cells. This comes to a single peak and is followed by decreasing proliferation, until cell loss is fully compensated, s
Increasing evidence suggests that cell formation is influenced by inhibitory substances, the so-called chalones, produced by cells in the proliferative G1 phase of division. They exert their effect on functional GO cells, maintaining them in a quiescent state. The function of these chalones can be interpreted as allowing adequate body homeostasis by the functional GO cells while cells in the G ! phase are replacing lost tissue.
Pre-existing drug-induced hypertrophy enhances the proliferative response of liver parenchymal cells after partial hepatectomy. This has been shown in rats 6 pretreated with phenobarbitone. Mitotic activity subsequent to partial hepatectomy was markedly increased as compared to the control animals that had not received this drug.
Over thirty years ago Ostergren 7 showed that nitrous oxide, chloroform, trichlorethylene and diethyl ether caused mitotic arrest in metaphase.
The appearance was identical to that produced by colchicine and was therefore known as colchicine, or c-mitosis. Nunn 8 has reported that halothane also produced mitotic arrest of the dividing cells at the root tip of the plant Vicia faba. Again the appearance was identical to that produced by colchicine and would therefore appear to be explained by dispersal of the mitotic spindle. Anderson 9 has also concluded that volatile anaesthetics inhibit the metaphase portion of mitosis.
The work of Bruce and Traurig t~ would seem to contradict this. On autoradiographic study, using radioactive thymidine, they found that halothane prolonged the time for epithelial DNA synthesis in the small intestine of the rat. The mitotic phase of the cell was unaffected and only the S-phase of the cell cycle was affected. Snegireff ~ and his associates also showed depression of mitotic index in the chick embryo neural tube after exposure to 1.2 per cent or 1.6 per cent halothane. Delay of the S phase in the cell cycle alone could account for this depression of the mitotic index.
To add to this complex situation, Grant, et al., ~2 using the plant Vicia faba, have shown that halothane has a depressant effect on the M phase and also delays or inhibits the passage of cells through the S phase and the G2 phase.
Jackson '3 studied the effect of halothane on mammalian hepatoma cells in vitro and indicated that halothane does not affect thymidine transport into the hepatoma cells. It either inhibits the process of phosphorylation of intracelfular thymidine or the synthetic incorporation of phosphorylated thymidine derivatives into DNA. lshii and Corbascio 14 have, however, reported that, in hepatoma and Hella cells, depression of DNA synthesis by halothane was minimal over short periods. Bandoh and Fugita ts have shown that clinical concentrations of halothane markedly reduced 3H-thymidine incorporation into the dividing immunocyte. This resulted in marked suppression of cell division of the immunocyte.
Retardation of the rate of cell growth was seen in cultures offibroblasts from the lung of Chinese hamsters, on exposure to clinical concentrations of halothane.~6 This retardation was dose related and affected mainly the GI phase, but also the S phase. Only small numbers ofc-metaphases were seen, and the authors concluded that there was no apparent arrest in metaphase, such as is seen in plants exposed to halothane. The same authors, in a later work, concluded that anaesthetic agents must act on every phase of the cell cycle.~7 CANADIAN ANAESTHETISTS' SOCIETY JOURNAL All the work described above was done in plant cells, tissue culture, or intestinal cells. The main organ which halothane is supposed to affect adversely is the liver. We have recently reviewed the literature concerned with experimental or clinical halothane lesions and found no convincing evidence that halothane could be the sole cause of"halothane hepatitis".
Our experiments were designed to study the effect of anaesthesia with clinical concentrations of both halothane and diethyl ether, on the dividing hepatocyte in the rat, following extensive hepatectomy. Halothane is metabolized by microsomal enzymes in the hepatic cells and some of the hypothetical metabolites could be detrimental to it. 15 In the animal model, the administration of glucose solution and fresh plasma after operation proved to be a successful manoeuvre to ensure satisfactory survival. The disadvantage that rat liver data cannot be directly extrapolated to humans was compensated by the reproducibility of the results, the care in handling the animals and the availability of inbred lines of rats in adequate numbers.
We observed no growth retardation in the liver exposed to halothane or diethyl ether in vivo. This must be attributed to tissue differences or to various biological factors operating in vivo. 19 Despite repeated and prolonged exposures to halothane, we did not find histological evidence suggestive of liver damage. In this respect, the present findings are in agreement with recent experimental data in mice. Despite accumulation of halothane metabolites, primarily in the microsprees, there was no evidence of liver toxicity 20 after repeated exposures.
SUMMARY
The effects of halothane and diethyl ether on the regenerating liver following 70 per cent hepatectomy were studied in Fisher/344 (F) rats. Our aim was to discover whether halothane administered repeatedly and over prolonged periods could influence the liver regenerative process or hepatocyte function. We also wished to know if the effects of halothane differed from those of diethyl ether.
We found: 1. Prolonged halothaae or diethyl ether anaesthesia did not inhibit liver mitotic activity, even if administered repeatedly. 2. The effects of halothane and diethyl ether on liver cell division were identical. 3. With reference to liver regeneration, halothane is as safe as diethyl ether when administered during extensive hepatectomy.
R~.SUMI~ L'influence de l'halothane et celle de I'~ther di6thylique sur la rSg6nSration h~patique apr~:s h~patectomie de 70 pour cent a 8t~ ~tudi~e chez le rat Fisher 344. Le but de I'&ude ~.tait de d~ter-miner si des administrations prolong~es et r~p~-t~es d'hatothane influen~:aient la capacit8 de r~-g6nSration etla fonction de la cellule hSpatique. Nous voulions ~galement savoir si les effets h~pa-tiques de I'halothane 6talent diff6rents de ceux de 1'Sther diSthylique.
Nous avons trouv~: (1) que des anesth6sies prolong~es et r~p&ges ~ l'halothane ou ~ I'&her di6thylique n'inhibent pas I'activit~ mitotique de la cellule h6patique, (2) que I'influence de I'hatothane sur la division de la cellule h~patique est identique h celle de I'&her et (3) que I'halothane est aussi s~curitaire que 1'6ther dans les cas d'h6patectomie du point de vue r~cup~ration hSpatique.
